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ABSTRACT 


Alloys  and  diffusion  cbuples  of  yttrium  and  scandium  with  the  refrac¬ 
tory  elements  Nb  and  Ta  of  Group  V  and  Cr,  Mo,  and  W  of  Group  VI  have  "been 
examined  by  means  of  the  optical  microscope,  X-ray  diffraction,  and  mass 
spectrometry.  The  results  indicate  that  the  solid  solubility  of  Y  and  Sc 
in  these  elements  is  less  than  1  part  per  million.  This  is  in  conformity 
rfith  the  Hume-Rothery  Rule  that  only  a  very  restricted  range  of  solid  solu¬ 
tion  can  be  expected  when  the  atomic  diameter  of  solvent  and  solute  differ 
by  more  than  14  to  15  per  cent. 

This  technical  documentary  report  has  been  reviewed  and  is  approved. 
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INTRODUCTION 


The  beneficial  effects  of  adding  small  amounts  of  rare  earth  metals  to 
refractory  elements  and  alloys  are  well  known.  To  mention  but  a  few,  small 
additions  of  cerium  or  rare  earth  mixtures  to  80-20  Ni-Cr  alloys  considerably 
modify  the  oxidation  processes  occurring  on  the  alloy  surfaces  at  elevated 
temperatures  and  lead  to  the  formation  of  a  uniform  and  tenacious  oxide  film 
which  increases  the  ability  of  the  alloys  to  withstand  progressive  oxidation. 
Traces  of  thorium  exert  a  beneficial  influence  on  the  mechanical  properties 
of  refractory  elements  such  as  tungsten  as  the  result  of  grain  refinement 
and  the  reduction  of  oxygen  and  nitrogen  contamination.  It  would  seem  from 
these  results  that  the  elements  yttrium  and  scandium,  although  not  strictly 
rare  earths  on  account  of  their  not  being  in  the  Lanthanide  series,  could 
likewise  exert  a  beneficial  influence  on  metals  in  Groups  V  and  VI  of  the 
Periodic  Table,  namely  Nb  and  Ta,  and  Cr,  Mo  and  W.  Accordingly,  the  present 
investigation  was  undertaken  to  determine,  if  possible,  the  terminal  solid- 
solubilities  of  the  elements  Y  and  Sc  in  the  elements  W,  Ta,  Md,  Nb,  and  Cr 
at  temperatures  up  to  2000°C. 

THERMAL  AND  CRY  STALL0C21APHIC  DATA 

Thermal  and  crystallographic  data  for  yttrium  and  scandium  along  with 
those  of  the  refractory  elements  of  Groups  V  and  VI  are  given  below  in 
Table  1. 


Table  1 


Crystallographic  and  Ohennal  Data  of  Alloying  Elements 


Element 

Structure 

Lattice 
Parameters  a 

Pauling 
Atomic 
Radius  A 
C.N.  =  12 

Melting 
Point  °C 

Boiling 
Point  °C 

21  Sc 

Hex.  C.P. 

a  =  3.3090 
c  =  5.2733 

1.620 

1547 

2400 

39  Y 

Hex.  C.P. 

a  =  3.6474 
c  =  5.7306 

1.797 

1200 

1539* 

3027 

4l  Nb 

Cubic  B.  C. 

a  =  3.2993 
to  3.3024 

1.456 

2400 

2585* 

(3000) 

73  Ta 

Cubic  B.C. 

a  =  3.3058 

1.457 

2977 

-  ^ 

24  Cr 

Cubic  B.C. 

a  *  2.8848 

1.276 

1850 

2430 

42  Mo 

Cubic  B.C. 

a  =»  3.1468 

1.386 

2620 

(4700) 

74  W 

Cubic  B.C. 

a  =  3.16522 

1.394 

3380 

(6700) 

*Own  MP  determination 

Manuscript  released  by  the  author  April  19&3  for  publication  as  an  ASD 
Technical  Documentary  Report, 


1 


According  to  Hume-Rothery  (l)  there  are  limits  set  upon  the  range  of 
solid  solution  resulting  from  the  relative  sizes  of  the  solvent  and  solute 
atoms  and  their  valencies.  When  the  atomic  diameters  of  solvent  and  solute 
differ  hy  more  than  Ik  to  15  per  cent  from  that  of  the  solvent,  the  size 
factor  is  unfavorable  and  only  a  very  restricted  range  of  solid  solution  can 
be  expected.  Moreover,  a  metal  of  lover  valency  is  more  likely  to  dissolve 
one  of  higher  valency  than  vice-versa,  especially  when  the  solvent  obeys 
the  "(8  -  N)-rule"  and  forms  homopolar  bonds. 

Prom  the  atomic  radii  presented  in  Table  1,  it  can  readily  be  seen  that 
except  for  Sc  in  Nb  or  Ta  (radius  ratio  11.5$),  the  size  factor  is  extremely 
unfavorable,  a  typical  example  being  Y  in  Nb  or  Ta  vhere  the  atomic  radii 
differ  by  approximately  23*5$*  As  a  result,  it  can  be  anticipated  that  the 
solid  solubilities  of  Y  and  Sc  in  the  refractory  Groups  V  and  VI  elements 
will  be  extremely  small,  with  the  possible  exception  of  Sc  in  Nb  or  Ta. 

When  the  present  investigation  was  initiated,  there  were  no  data  on  the 
above-mentioned  alloy  systems  available  in  the  literature,  but  subsequently 
the  book  "Rare  Earth  Alloys"  by  K.  A.  Gschneidner  (D.  Van  Nostrand  and  Co., 
Inc.,  1961)  appeared  which  gave  a  number  of  systems  taken  from  Classified 
Reports.  Figs.  1-5  inclusive  reproduce  diagrams  of  the  systems  Y-Nb,  Y-Cr, 
Y-Mo,  Y-Ta  and  Y-W  from  Gschneidner fs  book.  It  will  be  seen  readily  that 
the  amount  of  Y  in  solid  solution  is  extremely  small,  in  conformity  with  the 
Hume-Rothery  size-factor  rule.  No  diagrams  are  available  for  comparable 
Sc -containing  alloys,  but  from  the  crystallographic  data  in  Table  1,  similar 
results  are  to  be  expected. 


EXPERIMENTAL 


Materials  Employed 

In  view  of  the  anticipated  low  solid-solubility  of  the  rare  earth  ele¬ 
ments  in  the  refractory  metals  W,  Ta,  Mo,  Nb,  and  Cr,  it  was  important  to 
employ  materials  of  the  highest  purity  possible  in  order  to  avoid  any  con¬ 
fusion  in  the  identification  of  second  phases  and  the  determination  of  the 
solid-solubility  limits.  The  following  materials  were  used: 

Yttrium.  American  Potash  and  Chemical  Co.  Purity  designation  99*9 $• 
Rare  earth  maximum  impurities  0.1$  Dy  +  Gd  +  traces  Tb.  0.07$  0*  0.005$  N, 
0.001$  Mo,  0.015$  C. 

Scandium.  American  Scandium  Corporation.  99 *5$  distilled  metal. 

Tungsten.  Westinghouse  Corporation.  Zone  refined  rod.  Inqpurities  in 
parts  per  million,  1-2Q,  1-2N,  1-2H,  IOC,  total  metallic s  less  than  50  ppm. 

Tantalum.  As  for  tungsten,  with  total  me  tallies  less  than  100  ppm. 
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Niobium  (Columbian)  (a)  Rondelles.  Union  Carbide  Corp.  Electron  bom- 
barded  material!  Purity  stated  to  be  99*99$*  (b)  Metals  Resins  Corporation. 

Zone  refined.  Maximum  total  impurities  25  ppm.  Maximum  total  02  content 
9  ppm. 

Chromium.  United  Mineral  and  Chemical  Corp.  Pellets.  99 •  999$  purity. 
Zone  refined  material  not  available. 

Molybdenum.  Westinghouse  Corporation.  Zone  refined  Rod.  Total  impuri¬ 
ties  less  than  50  ppm. 

Alloying  and  Heat  Treatment  Procedures 

Because  of  the  highly  oxidizable  nature  and  elevated  melting  points  of 
the  alloying  elements ,  conventional  alloying  procedure s,  such  as  melting  under 
flux  in  a  ceramic  crucible,  were  clearly  out  of  the  question.  Hie  following 
alternative  alloying  techniques  were  suggested: 

(1)  Alloying  by  direct  melting  in  vacuum  or  an  inert  atmosphere,  such 
as  purified  helium  or  argon,  using  a  Kr oil -type  arc  furnace  fitted 
with  a  non-consumable  tungsten  electrode  and  a  water-cooled  copper 
hearth. 

(2)  Electron -be  am  melting  in  vacuum. 

(5)  Levitation  melting  in  an  evacuated,  or  inert  atmosphere  high  fre¬ 
quency  furnace  to  avoid  contact  with  metallic  or  ceramic  materials. 

(4)  Diffusion-couple  techniques  using  either  solid  consitutents  and 
solid-state  diffusion  or  liquid  Y  or  Sc  in  contact  with  a  solid 
refractory  element. 

(5)  Alloying  by  the  admixture  of  a  fused  rare-earth  element  salt,  such 
as  a  chloride  or  fluoride,  which  decomposes  and  leaves  the  rare- 
earth  metal  in  solution. 

On  account  of  the  unfavorable  densities  of  the  materials,  it  was  found 
impracticable  to  employ  levitation  melting.  Ultimately,  the  methods  used 
were  the  Kroll  furnace  technique  in  which  an  atmosphere  of  pure  argon  was 
employed  and  the  diffusion  couple  method  in  which  the  liquid  rare-earth  metal 
was  in  contact  with  solid,  zone -refined  refractory  element. 

Alloys  made  in  the  Kroll  type  furnace  were  in  the  form  of  small  buttons, 
each  weighing  approximately  30,  grams.  Prior  to  melting,  the  furnace  was 
evacuated  to  a  pressure  of  10"^  Torr  by  means  of  a  mechanical  pump,  then 
flushed  4  times  with  argon  and  finally  filled  with  argon  to  a  pressure  of 
approximately  l/2  atmos.  The  gas  was  then  gettered  by  melting  a  25  gram 
titanium  button  in  the  arc,  after  which  the  arc  was  transferred  to  the  sample 
proper.  Difficulties  were  frequently  encountered  with  the  melting  of  the 
samples  owing  to  their  tendency  to  separate  into  two  liquid  phases  or  to  a 
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solid  plus  liquid  rare-earth  constituent.  Added  to  this  difficulty,  there 
was  a  tendency  for  the  rare  earth  metal  to  volatilize  and  deposit  on  the 
water-cooled  metal  components  of  the  furnace  and  on  the  glass  enclosure. 

These  losses  could  be  accounted  for  by  weighing  the  sample  before  and  after 
melting. 

„  When  attempting  to  form  alloys  by  means  of  the  solid-liquid  diffusion 

couple  technique,  specimens  were  in  the  form  of  zone  refined  cylindrical 
rods,  approximately  l/8  inch  in  diameter  and  0.4  inch  in  length.  A  rod  sam¬ 
ple  was  then  placed  upright  in  a  small  hollow  cylinder  made  of  the  same  metal 
machined  from  bar  stock,  the  exterior  diameter  of  the  cylinder  being  approxi¬ 
mately  l/2  inch  and  with  a  wall  thickness  of  about  l/l6  inch.  The  samples 
o  were  then  surrounded  with  pieces  of  Y  or  Sc  and  the  cylinders  closed  with  a 

l/8"  thick  cap  machined  from  the  same  bar  stock  as  the  encapsulating  cylinder. 
The  cylinder  and  its  contents  were  then  suspended  in  a  tungsten  tube  resis¬ 
tance  furnace  having  a  tubular  element  1-1/4  inches  in  diameter  and  9-l/2 
inches  in  length,  and  with  a  capability  of  attaining  temperatures  up  to 
3000°C  with  either  an  inert  atmosphere  such  as  helium,  or  a  vacuum  of  10“  - 

10" 5  Torr  (2),  obtained  by  means  of  mercury  diffusion  pump  fitted  with  a 
liquid  nitrogen  trap.  (See  Fig.  6).  The  same  furnace  was  used  for  carrying 
out  the  homogenizing  and  equilibrating  anneals  on  specimens  prepared  in  the 
argon  arc  furnace  and  for  melting-point  determinations.  After  heat  treatment 
the  samples  could  be  either  radiation-quenched  by  switching  off  the  furnace, 
or  quenched  into  a  bath  of  molten  tin  by  fusing  the  fine  horizontal  tungsten 
wire  to  which  the  suspension  wire  was  attached.  Details  of  heat  treatment 
will  be  given  with  individual  alloys. 

X-ray  Diffraction  Technique 

X-ray  diffraction  patterns  of  annealed  filings  quenched  from  the  equi¬ 
librating  temperature  were  taken  in  a  Philips  114.6  mm  diameter  cylindrical 
Debye -Scherrer  camera  employing  a  high  intensity  demountable  X-ray  tube  (3). 
Filtered  Co  K a  and  Cr  Ka  radiations  were  used  to  identify  the  phases  present 
and  to  determine  the  lattice  parameters  of  the  solvent  phase.  The  precision 
obtained  in  lattice  parameter  determination  by  plotting  observed  spacings 
against  the  function  l/2  (cos2  0/0  +  cos^/sinO)  (4,5)  was  about  one  part  in 
50,000. 

The  accuracy  to  which  a  solid-solubility  limit  can  be  determined  by  the 
X-ray  technique  depends  on  the  precision  with  which  the  lattice  parameter  can 
be  measured  and  the  slope  of  the  parameter-composition  curve.  Thus,  if  the 
slope  is  constant  over  the  solid-solubility  range,  and  if  6c  is  the  uncer¬ 
tainty  in  atomic  per  cent  with  which  the  solid  solubility  limit  can  be  located, 
and  a  is  the  lattice  parameter,  it  follows  that: 

6a  6a  6c  1 

a““  5c  a  “  50,060 

and  consequently 


60  ■  $6/666'  (<&7Tc7 

where  da/dc  is  the  slope  of  the  parameter-composition  curve. 

k 


If  r  is  the  atomic  radius  of  the  solvent,  and  Ar  is  the  change  in  atomic 
per  cent  change  in  composition,  the  above  equation  may  be  written 

50  *  50^551^771^ 

“  5o5^  per  cent* 

For  the  Y-Nb  system,  using  Table  1,  r  =  1.456  %  and  Ar  »  1*797  -  1*456  *  0.34lSL 
Hence  the  precision  to  which  the  solid-solubility  limit  can  be  fixed  by  means 
of  a  lattice  parameter  determination  is  given  by  6c  *  1.456/5000.341  =  O.O85 
atomic  per  cent.  Alternatively,  if  there  is  O.O85  at.  $  Y  in  solid  solution 
in  Nb,  the  change  in  lattice  parameter  will  just  be  on  the  limit  of  detect¬ 
ability.  Similarly,  the  limit  of  detectability  of  Sc  in  Nb  or  Ta,  where  the 
radius  ratio  is  11.4#  and  therefore  favorable,  would  be  6c  =  1.456/500*0.164  « 
0.l8  atomic  $.  The  X-ray  technique,  under  favorable  circumstances,  is  thus 
capable  of  detecting  quite  small  amounts  of  solute  in  solid  solution. 

Micrographic  Examination 

Whereas  the  X-ray  diffraction  technique  is  suitable  for  identifying  the 
phases  present  in  an  alloy  and  of  determining  the  amount  of  solute  in  solid 
solution,  the  microscope  yields  information  concerning  the  distribution  of 
the  phases  and  will  frequently  detect  the  presence  of  small  quantities  of  a 
second  constituent  which  fails  to  show  up  in  the  diffraction  pattern  owing  to 
an  unfavorable  signal  to  background  ratio.  In  general,  all  the  alloys  were 
examined  in  the  "as  cast"  or  homogenized  and  equilibrated  condition.  They 
were  mounted  in  lucite  and  then  ground  and  polished  on  ,,Antomet,,  machines. 

The  following  etching  reagents  were  employed. 

1.  Tungsten  Alloys 

30  ml  lactic  acid 
10  ml  HNOj 
5  ml  HF 

2.  Molybdenum  Alloys 

30  ml  lactic  acid 
10  ml  UNO* 

5  ml  HF 

3.  Tantalum  Alloys 

15  ml  HN03 
30  ml  HC1 
30  ml  HF 
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4.  Niobium  Alloys 

50  ml  H20 
14  ml  H2S04 
5  ml  HNO* 

20  ml  HF 

5*  Chromium  Alloys 
Unetched 

Mass  Spectrographic  Analysis 

In  view  of  the  extremely  small  amount  of  Y  and  Sc  in  solution  in  the 
refractory  elements  of  the  Vth  and  Vlth  Groups  as  shown  by  the  lack  of  coring 
in  the^ micro specimens  and  the  X-ray  diffraction  results,  it  was  decided  to 
employ  mass  spectroscopy  in  certain  cases  to  analyse  the  solvent  after  heat 
treatment.  For  this  purpose  a  vacuum  spark  source  mass  spectrograph  was 
eniployed  having  a  sensitivity  of  approximately  lO10  to  lCr-1  atoms,  thereby 
enabling  elemental  concentrations  of  1  in  10^  atoms  to  be  obtained.  Since 
the  ion  signal  is  linearly  proportional  to  the  concentration,  the  mass  spec¬ 
trograph  is  equally  sensitive  to  all  elements. 

The  spectrograph  was  employed  in  conjunction  with  the  liquid  rare  earth - 
solid  refractory  element  diffusion  couple  using  a  specially  designed  needle- 
shaped  counter-electrode  which  enabled  a  radio -frequency  spark  to  ionize  a 
selected  region  of  the  sample  haying  a  diameter  of  25-50  microns,  removing 
material  to  a  depth  of  5-5  microns.  It  was  possible  to  employ  the  counter¬ 
electrode  as  an  analytical  probe  by  aligning  it  with  the  aid  of  an  optical 
microscope  so  as  to  spark  selected  regions  of  the  refractory  element  in  the 
region  of  the  liquid-solid  interface.  The  quantity  of  sample  consumed  by 
the  spark  was  of  the  order  of  1-10  micrograms,  which  allowed  a  concentration 
of  1  part  per  million  of  solute  to  be  observed.  To  avoid  contamination,  the 
needle -probe  was  made  of  the  same  material  as  the  solvent  element. 

Fig.  7  illustrates  schematically  a  vertical  section  taken  through  a 
diffusion  couple  and  its  encapsulating  cylinder.  The  section  is  carefully 
polished  prior  to  sparking,  the  visible  mark  on  the  surface  produced  by  the 
spark  enabling  the  spectrum  to  be  associated  with  a  well-defined  location  of 
the  sample.  In  this  manner  it  is  possible  to  determine  the  concentration  of 
rare-earth  element  as  a  function  of  distance  from  the  solid-liquid  interface. 

Fig.  8  illustrates  schematically  the  geometry  of  the  mass  spectrograph. 
The  ions  are  detected  by  means  of  a  photographic  plate  located  in  the  focal 
plane,  the  design  of  the  instruxaent  permitting  a  mass-ratio  of  15  to  1  to  be 
registered  in  a  single  exposure  with  a  mass  resolution  of  1  in  500. 


I 


6 


RESULTS 


I.  Alloys  With  Yttrium 


1,  Y-Cr  Alloys 

Prior  to  alloying,  the  high  purity  chromium  pellets  were  degassed  by  nest¬ 
ing  to  12OO0C  in  a  pure  alumina  crucible  in  a  vacuum  of  10-5-iCPO  Torr  for 
24  hours  using  a  high  frequency  induction  furnace  fitted  with  a  mercury  dif¬ 
fusion  pump  and  liquid  nitrogen  trap.  A  photomicrograph  of  the  degassed  metal 
after  melting  in  the  argon  arc  furnace  is  shown  in  Fig.  9*  The  material  evi¬ 
dently  contains  traces  of  residual  oxide,  or  possibly  carbide.  The  initial 
weight  of  the  sample  was  10.13  grams  before  melting  and  10.04  after,  the  net 
loss  in  weight  being  0.09  grams. 

A  sample  containing  25  atomic  per  cent  yttrium  was  prepared  by  melting 
4  times  in  the  argon  arc  furnace,  the  initial  weight  of  material  being  27.00 
grams,  the  weight  of  the  "as  cast"  alloy  being  26.91  grams  —  a  net  weight 
loss  of  only  0.09  grams. 

A  photomicrograph  of  the  as  cast  alloy  is  shown  in  Fig*  10.  This  displays 

a  typical  dendritic  structure  of  chromium  metal  with  an  infilling  of  Y-Cr 
eutectic,  as  would  be  expected  from  the  phase  diagram  shown  in  Fig.  1.  Debye- 
Scherrer  diffraction  patterns  from  unannealed  filings  of  the  as  cast  ingot 
revealed  no  constituents  other  than  the  primary  phases  Cr  and  Y. 

The  25  atomic  per  cent  yttrium-chromium  alloy  was  subjected  to  a  68  hour 
homogenizing  anneal  in  a  vacuum  of  10*6  Torr  at  1200°C,  which  is  only  kCPC 
below  the  eutectic  temperature.  As  shown  by  the  micro  structure  in  Fig.  11, 
there  is  a  considerable  aggregation  of  the  yttrium  and  chromium  phases.  X-ray 
diffraction  patterns  of  alloy  filings  which  had  been  subjected  to  a  stress 
recovery  "flash  anneal"  in  vacuo  for  2  minutes  at  1200°C  using  Cr  K a  radiation 
showed  only  lines  belonging  to  chromium  and  yttrium. 

Hie  lattice  parameter  of  99.999$  Cr  was  found  to  be  2.8847  (5)  +  0.0001  ft, 
while  that  of  the  75-25  Cr-Y  alloy  was  2.8848  (0)  +  0.0001  ft.  Ihe  difference 
in  parameter  clearly  lies  within  the  experimental  error  which  is  approximately 
1  part  in  50,000  and  which,  based  on  the  atomic  radii  of  1.797  &  for  Y  and 
1.276  for  Cr  corresponds  to  a  maximum  possible  sol  id- solubility  of  around  0.005 
atomic  per  cent  Y  in  Cr. 

The  published  Vickers  diamond  hardness  number  of  chromium  varies  from  548 
for  electroplated  material  (presumably  due  to  its  hydrogen  content)  to  127  for 
as  cast  chromium.  Our  own  measurements  on  as  cast  chromium  yielded  a  Vickers 
hardness  of  126  +  1  (mean  of  three)  while  the  75  Cr  25  Y  alloy  gave  a  value  of 
103  +  1  (mean  of  three).  This  very  low  value  is  probably  due  to  the  large 
amount  of  segregated  yttrium  in  the  micro structure. 
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Initially,  two  master  Y-Nb  alloys  were  made  from  Union  Carbide  niobium 
rondelles  by  melting  under  argon  in  the  Kroll  furnace,  the  alloys  containing 
5  and  25  atomic  $  yttrium,  respectively.  A  photomicrograph  of  the  niobium  in 
the  "as  cast"  condition  is  shown  in  Fig.  12  and  reveals  traces  of  a  second 
phase  which  is  probably  carbide,  or  carbo-nitride .  This  phase  is  absent  in 
the  Nb-Y  alloys.  Fig.  13  illustrates  the  micro  structure  of  75  Nb  25  Y  in 
the  as  cast  condition  and  shows  that  the  alloy  is  badly  segregated,  the  dark 
constituent  being  unresolved  eutectic. 


Since  no  phase  diagram  of  the  system  was  available  at  the  outset  of  the 
investigation,  an  attempt  was  made  to  homogenize  small  slices  of  the  alloys 
in  a  vacuum  of  10*5  to  10"°  Torr  for  46  hours  at  2000°C.  Weight  checks  on 
the  heat  treated  alloys  indicated  losses  corresponding  almost  exactly  to  the 
total  amount  of  yttrium  originally  present  in  the  samples.  It  was  subsequently 
discovered,  when  the  phase  diagram  shown  in  Fig.  2  became  available  that  the 
heat  treatment  had  been  carried  out  at  approximately  400°C  below  the  mono- 
tectic  horizontal  ( — 240CPC)  and  well  inside  the  2-phase  field  consisting  of 
solid  Nb  +  liquid. 


On  account  of  the  high  volatility  of  the  y  phase,  it  was  decided  to 
reduce  the  homogenizing  temperature  for  the  remaining  slices  of  specimen. 
Accordingly,  these  slices  were  heat  treated  in  vacuo  for  68  hours  at  1200°C, 
which,  from  the  phase  diagram,  is  27CPC  below  the  eutectic  horizontal  (l470°C). 
The  weight  losses  during  these  anneals  were  found  to  be  negligible. 


In  order  to  ascertain  whether  any  yttrium  had  gone  into  solution,  the 
samples  were  filed  and  the  filings  given  a  "flash"  anneal  to  remove  cold  work 
by  heating  in  vacuum  in  a  niobium  container  for  5  minutes  at  1200°C,  after 
which  Debye -Scherrer  patterns  were  taken  with  Cr  K a  radiation.  (Fig.  14). 
Only  lines  belonging  to  the  terminal  phases  Nb  and  Y  were  observed.  Lattice 
parameter  measurements  of  the  original  Union  Carbide  niobium  and  of  the 
niobium-yttrium  alloys  made  with  it  yielded  the  following: 
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Table  2 


Lattice  Parameters  of  Nb-Y  Alloys  Made  With  Union  Carbide  Niobium 


Nominal  Composition 
in  atonic  per  cent 

Nb  Y  Heat  Treatment 


Phases 

Present 


Lattice 

Parameter 


100 

0 

Arc  melted,  filed,  2  min.  at 
1200°C. 

Nb 

3.3026 

95 

5 

Lump  annealed.  68  hyrs,  at  1200°C, 
filed,  5  min.  at  1200°C. 

Nb  +  Y 

3.2996 

75 

25 

Lump  annealed  68  hyrs.  at  1200°C, 
filed,  5  min.  at  1200°C. 

Nb  +  Y 

3.2993 

These  results  are  rather  astonishing  in  that  the  lattice  parameter  of 
niobium  is  actually  lowered  by  the  presence  of  yttrium  instead  of  being  raised. 
The  only  reasonable  explanation  for  this  effect  is  a  possible  scavenging  action 
by  the  yttrium  which  removes  any  oxygen  in  solid  solution  in  the  niobium,  con¬ 
verting  it  to  yttrium  oxide.  This  would  fall  in  line  with  the  work  of  Seybolt 
(6)  on  the  solid-solubility  of  oxygen  in  niobium,  where  the  lattice  parameter 
of  the  matrix  increases  linearly  from  an  extrapolated  value  of  3*2994  +  0.0004 
for  zero  oxygen  to  3*3112  a  for  0.75  wt.  $  0^  (4.2  At.  $)  In  solution. 

Lattice  parameter  determinations  made  on  Union  Carbide  niobium  and  the 
zone  refined  material  from  Metals  Resins  Corporation  yielded  identical  lattice 
parameters,  namely  3*3024  +  0.0001  ft  corresponding  to  approximately  0.16  wt* 

$  02  (8.6  At.  $)  in  solution  despite  the  statement  that  the  zone  refined  mater¬ 
ial  contained  only  9  parts  per  million  of  Og*  Attempts  to  degas  the  rondelles 
and  zone  refined  rod  by  annealing  for  periods  of  up  to  70  hours  in  a  vacuum 
of  10-5  Torr  made  no  difference  to  the  lattice  parameter.  Presumably  much 
lower  pressures  and  higher  temperatures  and  the  use  of  thin  strip  ( — 0.001 
inches  thick)  are  required  to  enable  the  oxygen  to  diffuse  out  of  the  material 
in  a  reasonable  period  of  time,  for  an  extra-long  degassing  period  of  233 
hours  at  1350°C  gave  the  Union  Carbide  rondelles  a  lattice  parameter  of  3-3015 
+  0.0001  A.  There  is,  of  course,  always  the  remote  possibility  that  some 
oxygen  is  picked  up  during  the  preparation  of  the  filings  and  the  cold-work 
recovery  anneal  in  vacuo  at  1200°C. 

In  the  search  for  the  solid-solubility  limit  of  Y  in  Nb,  a  master  alloy 
was  made  up  containing  1  atomic  per  cent  Y.  Although  the  atomic  numbers  of 

Y  and  Nb  are  close  to  each  other  (39  and.  4l  respectively),  the  pattern  of  free 

Y  could  not  be  seen  in  the  X-ray  powder  diagram  although  the  Y  phase  was  clearly 
evident  in  the  micro  structure.  Using  the  master  alloy,  a  series  of  alloys  con¬ 
taining  respectively  0.8,  0.6,  0.4  and  0.2  atomic  per  cent  Y  were  prepared. 
Photomicrographs  of  the  alloys  containing  0.2  and  0.8  atomic  per  cent  Y  after 
annealing  for  233  hours  at  1350°C  are  shown  in  Figs.  15  and  16.  The  presence 

of  the  yttrium  phase  is  still  clearly  evident  in  the  photomicrographs  and  indi¬ 
cates  that  the  solid-solubility  limit  of  Y  in  Nb  is  less  than  0.05  atomic  per 
cent. 
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Lattice  parameter  measurements  and  micrographic  results  on  the  alloy 
series  ranging  from  0.2  to  1.0  atomic  per  cent  Y  are  given  in  Table  3*  As 
may  be  seen  from  Table  3,  there  is  a  progressive,  if  erratic,  decrease  in 
the  lattice  parameter  of  the  Nb  matrix  as  the  yttrium  content  is  progres¬ 
sively  increased.  Obese  results  are  combined  with  those  of  Table  2  and 
are  illustrated  in  Fig.  17* 


Table  3 


Atomic  Per 
Y 

Micrographic  and  X-ray  Data  on  Nb-rich 

Cent 

Heat  Treatment 

Nb-Y  Alloys 

Phases 

Present 

Lattice 
Parameter  of 
a  Nb  Phase,  A 

0.2 

Annealed  235  hours  at  135 0°C* 
Powder  annealed  10  min.  at  1200°C. 

a  To  +  Y 

3.3011 

0.4 

Annealed  233  hours  at  1350°C. 
Powder  annealed  10  min.  at  1200  C. 

a  Nb  +  Y 

3.3019 

0.6 

Annealed  235  hours  at  1350°C.  r 
Powder  annealed  10  min.  at  1200  C. 

a  Nb  +  Y 

3.3014 

0.8 

Annealed  235  hours  at  1350°C.  rj 
Powder  annealed  10  min.  at  1200  C. 

a  Nb  +  Y 

3.3007 

1.0 

Annealed  235  hours  at  1350°C. 
Powder  annealed  10  min.  at  1200°C. 

a  Nb  +  Y 

3.3010 

It  would  seem  that  if  the  reduction  in  lattice  parameter  is  caused  by  a 
scavenging  action,  the  value  of  3*2995  A  obtained  for  the  alloy  containing  25 
atomic  per  cent  Y  is  truly  representative  of  the  parameter  for  oxygen-free 
niobium.  A  somewhat  similar  scavenging  effect  probably  occurs  in  the  Nb  pri¬ 
mary  solid-solution  range  of  the  Nb-Hf  system.  According  to  our  own  (unpub¬ 
lished)  results,  there  is  an  initial  drop  in  the  lattice  parameter  of  Nb  with 
the  addition  of  Hf,  a  minimum  parameter  of  3*5000  A  being  reached  at  approxi¬ 
mately  1.25  atomic  per  cent  Hf,  after  which  the  lattice  parameter  increases 
in  an  almost  linear  manner  with  further  Hf  additions.  The  effect  is  shown 
in  Fig.  18. 


Based  mainly  on  the  micrographic  evidence,  it  would 
solubility  limit  of  yttrium  in  niobium  is  less  than  0.05 


seem  that  the  solid 
atomic  per  cent. 


Vickers  diamond  pyramid  hardness  values  obtained  on  as  cast  Nb-Y  alloys 
were  an  follows: 


At.#  Y  0.0  0.2 
VDH  128  112 


0.4  0.6  0.8  1.0 

111  100  98  95 
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Y4to  Alloys 


Attempts  to  make  Y-Mo,  Y-Ta  and  Y-W  alloys  in  the  Kroll  furnace  proved 
unsatisfactory,  there  being  a  strong  tendency  for  the  yttrium  to  form  a  pro¬ 
tective  liquid  coating  around  the  unmelted  refractory  element  and  to  vola¬ 
tilize  under  the  arc,  the  loss  in  heat  as  latent  heat  of  volatilization  pre¬ 
venting  the  refractory  element  from  melting.  Based  on  these  re  stilts,  it  was 
decided  to  use  a  diffusion  couple  technique  employing  liquid  yttrium  in 
contact  with  the  solid  refractory  element  and  study  the  interface  both  micro- 
graphically  and  by  means  of  the  mass  spectrometer. 

As  described  in  the  section  on  Alloying  and  Heat  Treatment  Procedures, 
a  rod  of  zone  refined  molybdenum  was  placed  in  an  encapsulating  cylinder  of 
the  same  metal  and  surrounded  by  pieces  of  yttrium.  Ihe  capped  cylinder  was^ 
heated  in  the  vertical  tungsten  tube  furnace  at  1585°C  under  a  vacuum  of  lCT^ 
to  10“°  Torr  and  maintained  at  temperature  for  a  period  of  two  weeks.  The 
specimen  was  then  radiation  cooled  and  sectioned  vertically  for  micrographic 
examination.  Good  wetting  of  the  Mo  rod  was  observed. 


Fig,  19  is  a  photomicrograph  of  the  interface  showing  the  erosion  of  the 
molybdenum  surface  caused  by  the  solution  of  molybdenum  in  the  liquid  yttrium 
to  form  a  eutectic  mixture  on  cooling  in  conformity  with  the  phase  diagram 
shown  in  Fig.  3*  It  can  also  be  seen  that  small  "islands"  of  molybdenum  have 
floated  out  into  the  liquid  phase  prior  to  solidification. 

Three  regions  at  distances  of  500*  250  and  125  microns  from  the  interface 
were  sparked  in  the  mass  spectrograph,  as  shown  by  the  circular  areas  in  Fig. 
20.  No  yttrium  was  to  be  observed  in  the  first  sparking  area.  A  trace  (l-5 
ppm)  was  recorded  on  the  first  exposure  taken  250  microns  from  the  edge  but 
disappeared  on  further  sparking,  indicating  a  surface  effect.  The  third  samp¬ 
ling  area,  125  microns  from  the  edge,  showed  1-5  ppm  of  yttrium  on  the  first 
exposure  and  1  ppm  on  later  exposures.  It  is  believed  that  this  is  a  surface 
effect  resulting  from  sectioning  and  polishing. 


Fig,  21  shows  the  type  of  mss  spectra  obtained.  The  distance  along  the 
plate  is  proportional  to  (i n/e)V2.  The  most  intense  lines  are  those  of  singly 
ionized  molybdenum  at  masses  92,  9k,  95*  96,  97*  98  and-  100.  This  pattern  is 
repeated  at  one  half,  one  third,  etc.  of  the  mass  range.  Yttrium  has  the 
single  isotope  at  mass  89.  Carbon,  oxygen  and  hydrocarbons  are  also  present, 
possibly  due  to  residual  traces  of  polishing  and  cleaning  compounds. 


Based  on  the  mass  spectrograph  results,  it  would  seem  that  the  solid- 
solubility  of  yttrium  in  molybdenum  at  1585°C  is  less  than  1  part  per  million. 


4.  Y-Ta  Alloys 

A  diffusion  couple  between  a  zone  refined  tantalum  rod  and  liquid  yttrium 
in  a  tan  calm  cylinder  was  heated  in  vacuum  at  1585°C  for  a  period  of  two 
weeks.  Photomicrographs  of  the  interface  shoved  very  little  erosion  of  the 
tantalum  sample.  The  lower  part  of  Fig.  22  shows  part  of  the  zone  refined 


11 


o 


tantalum  rod  in  contact  with  metallic  yttrium  which  is  dark  on  account  of  the 
over-etching  produced  in  bringing  out  the  boundaries  in  the  coarse  grained 
tantalum  phase.  As  shown  in  Fig.  4,  there  is  no  eutectic  in  the  system.  The 
upper  portion  of  the  photomicrograph  shows  part  of  the  fine-grained  tantalum 
encapsulating  cylinder.  In  general,  the  erosion  of  the  tantalvm  is  very  much 
less  at  1585°C  than  was  the  case  with  molybdenum,  presumably  on  account  of 
the  higher  melting  point  of  Ta. 

Two  series  of  mass  spectra  failed  to  disclose  the  presence  of  yttrium  in 
the  tantalum  rod.  From  this  it  may  be  concluded  that  the  yttrium  content  was 
less  than  1  part  per  million. 

5*  Y-W  Alloys 

A  diffusion  couple  between  a  zone  refined  tungsten  rod  and  liquid  yttrium 
in  a  tungsten  encapsulating  cylinder  was  heated  in  vacuum  for  a  period  of  two 
weeks  at  1585°C.  A  typical  photomicrograph  of  the  interface  is  shown  in  Fig. 
23*  No  visible  attack  has  occurred  on  the  tungsten  at  the  interface,  the 
upper  part  of  the  photomicrograph  shoving  the  over-etched  yttrium  phase  which 
is  full  of  voids.  No  evidence  was  found  for  a  Y-W  eutectic  in  conformity 
with  the  phase  diagram  shown  in  Fig.  5* 

Mass  spectrography  at  points  ranging  from  the  interface  to  a  location 
75°  microns  away  (see  Fig.  24)  yielded  a  yttrium  content  of  150  ppm  dropping 
to  zero.  It  would  seem  that  the  initial  high  value  is  due  to  the  spark 
slightly  overlapping  the  yttrium  matrix  when  near  to  the  interface,  as  may  be 
seen  from  Fig.  24.  It  may  be  concluded  that  at  1585°C  the  solid  solubility 
of  Y  in  W  is  less  than  1  ppm. 


II.  Alloys  With  Scandium 

Although  the  melting  points  of  yttrium  and  scandium  are  very  similar 
(1539°C  and  1547°C  respectively),  their  boiling  points  are  very  different, 
that  of  yttrium  being  3027°C  and  that  of  scandium  being  2400°C.  As  a  result, 
it  is  extremely  difficult  to  prepare  scandium  alloys  with  the  refractory  ele¬ 
ments  owing  to  the  volatility  of  scandium  at  the  refractory  element  melting 
points.  Consequently,  except  for  Sc-Cr  and  Sc-Nb  alloys,  diffusion  couple 
techniques  had  to  be  employed  with  liquid  scandium  in  contact  with  solid 
refractory  element.  Early  attempts  to  form  diffusion  couples  in  vacuum  at 
l625°C  (only  78°  above  the  MP  of  Sc) were  unsuccessful  owing  to  the  tendency 
of  the  scandium  to  volatilize  and  attack  the  parts  of  the  furnace  remote  from 
the  specimen.  In  particular,  the  tantalum  leaf  springs  supporting  the  tung¬ 
sten  tube  heater-element  were  attacked  and  embrittled  by  intergranular  cor¬ 
rosion  and  fell  apart.  As  a  result,  attempts  were  made  to  operate  under 
helium  at  a  pressure  of  approximately  650  mm  Hg,  but  with  limited  success. 

A  typical  phenomenon  is  the  deposition  of  fine,  perfectly  developed  hexa^ 
gonal  crystals  of  scandium  on  the  tungsten  wire  supporting  the  encapsulating 
cylinders  just  outside  the  hot  zone  as  shown  in  Fig.  25,  the  atmosphere  being 
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helium  at  a  pressure  of  650  mm  Hg.  Erosion  of  the  support  wire  adjacent  the 
encapsulating  cylinders  caused  the  wire  to  fail  during  the  high  temperature 
run  after  only  one  hour  and  it  became  necessary  to  support  the  cylinders  on 
a  tantalum  pedestal  capped  with  a  thin  thoria  disc  in  order  to  prevent 
adhesion. 

1.  Sc-Cr  Alloys 


After  several  unsuccessful  attempts,  an  alloy  was  prepared  using  the 
Kroll  furnace.  Allowing  for  weight  losses  due  to  volatilization  of  scandium, 
the  composition  of  the  alloy  corresponded  to  approximately  96*5Cr  3«5Sc. 

X-ray  diffraction  patterns  and  photomicrographs  showed  only  the  two  phases 
Cr  and  Sc  along  with  traces  of  SC2O5  on  the  surface. 

The  photomicrograph  of  the  alloy,  shown  in  Fig.  2 6,  is  interesting  in 
that  the  scandium  has  formed  cubical  cavities  in  the  chromium  matrix  which 
lie  parallel  to  the  crystallographic  axes  of  the  chromium.  The  scandium 
located  in  the  grain  boundaries  shows  some  structure  which  might  possibly  be 
identified  with  a  eutectic,  but  this  is  uncertain.  No  phase  diagram  of  the 
system  is  available. 

'Hie  lattice  parameter  of  the  chromium  constituent  of  the  alloy  was 
2.8848  +  0.0001  X,  which  is  identical  with  that  of  the  pure  element.  As  a 
result,  it  may  be  concluded  that  the  amount  of  Sc  in  solution  is  less  than 
about  0.1  atomic  per  cent. 

2.  Sc-Nb  Alloys 

Only  one  alloy  having  the  composition  95Nb  5Sc  was  prepared  in  the  Kroll 
furnace,  The  weight  losses  for  this  alloy  were  less  than  one  per  cent. 
Micrographic  and  X-ray  diffraction  analysis  after  annealing  for  113  hours 
at  1200°C  revealed  two  phases,  aNb  and  Sc.  Traces  of  inhomogeneous  distribu¬ 
tion  of  the  Sc  phase  are  still  evident  in  the  photomicrograph  shown  in  Fig. 
27. 


Lattice  parameter  determinations  of  the  Nb  phase  yielded  3 *3004  ft  as 
compared  with  3.3024  ft  for  Union  Carbide  rondelles  and  Metals  Resins  Corpora¬ 
tion  zone  refined  material.  As  in  the  case  of  Nb-Y  alloys,  this  reduction 
in  parameter  is,  in  all  probability,  due  to  a  reduction  in  the  oxygen  content. 

3.  Sc -Mb  Alloys 

As  stated  above,  a  diffusion  couple  of  liquid  scandium  in  contact  with  a 
rod  of  zone  refined  molybdenum  was  heated  for  1  week  at  l625°C  in  helium  at 
a  pressure  of  650  mm  Hg.  Fig.  28  shows  the  molybdenum  encapsulating  cylinder 
on  its  sintered  powder  molybdenum  pedestal  photographed  before  and  after 
heat  treatment.  As  may  be  seen,  as  a  result  of  the  heat  treatment,  both  the 
cylinder  and  the  pedestal  have  undergone  considerable  erosion  and  the  cylinder 
has  become  firmly  welded  to  the  pedestal  and  to  its  cap.  A  section  through 
the  diffusion  couple  and  the  encapsulating  cylinder  is  shown  in  Fig.  29  and 
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illustrates  the  degree  to  which  the  zone  refined  rod  has  been  eroded  and  a 
remarkable  swelling  of  the  container  which  fills  the  interspace  in  the  form 
of  a  spongy  mass,  most  of  the  scandium  having  evaporated  away. 

The  erosive  attack  is  considerably  greater  than  in  the  case  of  the  Y-Mo 
diffusion  couple  shown  in  Fig.  19 .  It  will  also  be  noted  that  the  molybdenum 
rod,  which  consists  of  a  few  single  crystals,  is  very  much  less  attacked  than 
the  finely  crystalline  encapsulating  cylinder.  It  would  seem  from  this  that 
attack  occurs  mainly  as  a  diffusion  process  along  the  grain  boundaries  and 
dislocations  in  the  metal  which  are  more  numerous  in  the  machined  finely 
polycry stal Tine  cylinder. 

Fig.  30  shows  four  sparking  areas  in  the  vicinity  of  the  Mo-Sc  inter¬ 
face.  Although  there  is  considerable  erosion,  it  is  easily  possible  to  dis- 
tinquish  the  sparking  areas  from  the  voids.  The  sparking  craters  in  this 
case  are  about  10  microns  deep.  No  scandium  was  detected  in  this  series  of 
samplings  and  it  can  therefore  be  stated  that  the  amount  in  solid  solution 
is  less  than  1  ppm  at  l625°C. 

No  eutectic  features  were  observed  in  the  Sc-Mo  diffusion  couple.  There 
is  no  phase  diagram  available  for  the  system. 

4.  Sc-Ta  Alloys 

Considerably  less  erosion  was  obtained  at  l625°C  in  helium  with  the  Sc- 
Ta  diffusion  couple  than  was  obtained  with  Sc-Mo.  Fig.  31  taken  near  the 
interface  shows  globules  of  tantalum  in  a  scandium  matrix.  Three  sparking 
areas  used  for  mass  spectrographic  analysis  are  seen  in  Fig.  32  at  distances 
ranging  from  400  to  100  microns  from  the  interface.  No  scandium  was  detected 
and  it  can  therefore  be  stated  that  the  amount  of  Sc  in  solid  solution  at 
l625°C  is  less  than  1  ppm. 

5.  3c -W  Alloys 

In  the  case  of  the  Sc-W  diffusion  couple  heated  in  helium  for  1  week  at 
l625°C,  no  visible  attack  was  observed  on  the  tungsten  encapsulating  cylinder 
and  pedestal.  All  the  scandium  evaporated  out  of  the  cylinder  during  the 
course  of  the  heat  treatment,  the  loss  being  verified  by  weighing.  Most  of 
the  scandium  deposited  on  the  cooler  ends  of  the  tungsten  heater  tube  and  on 
the  tantalum  leaf  spring  supports,  causing  several  of  the  leaves  to  embrittle 
and  fail.  A  second  run  ended  in  the  same  way.  Fig.  35  shows  the  cross-section 
of  the  zone-refined  tungsten  rod  after  the  heat  treatment.  The  recrystalli¬ 
zation  on  the  surface  is  primarily  due  to  the  cold  working  of  the  specimen 
during  machining  followed  by  the  heat  treatment.  Mass  spectrometry  at  the 
interface  showed  no  trace  of  scandium,  the  limit  of  detectibility  in  this 
case  being  40  ppm.  Thus,  it  would  seem  that  under  the  experimental  conditions, 
the  amount  of  scandium  in  solid  solution  at  l625°C  is  below  kO  ppm,  and  by 
analogy  with  the  other  elements  and  the  degree  of  attack  it  is  probably  less 
than  1  ppm. 
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CONCLUSIONS 

It  would  seem  from  the  experimental  results  that  the  solid  solubility 
of  yttrium  and  scandium  in  the  refractory  elements  W,  Ta,  Mo,  Nb  and  Cr  is 
of  negligible  proportions,  being  in  most  cases  less  than  1  part  per  million. 
The  results  are  in  conformity  with  the  Hume-Rothery  rule  that  only  a  very 
restricted  range  of  solid  solution  can  be  ejected  when  the  atomic  diameters 
of  solvent  and  solute  differ  by  more  than  14  to  15  per  cent.  Erosion  by 
the  rare  earth  metal  in  the  diffusion  couples  was  in  the  inverse  order  of 
the  melting  points  of  the  refractory  elements,  being  greatest  for  molybdenum 
and  least  for  tungsten. 
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0  20  40  60  SO  100 

Y  WEIGHT  PERCENT  CHROMIUM  Cr 

Fig.  1  Yttrium-Chromium  Phase  Diagram. 
(From  "Rare  Earth  Alloys,"  K.  A.  Gschneidner, 
Jr.  ,  D.  Van  Nostrand  Company,  Inc.  ,  1961.) 


ATOM  PERCENT  NIOBIUM 
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Fig.  2  Yttrium-Niobium  Phase  Diagram. 
(From  "Rare  Earth  Alloys,"  K.  A.  Gschneidner, 
Jr.  ,  D.  Van  Nostrand  Company.  Inc.  ,  1961.) 
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ATOM  PERCENT  MOLYBDENUM 


o  ao  40  60  60  100 


Fig.  3  Yttrium-Molybdenum  Phase  Diagram. 
(From  "Rare  Earth  Alloys,"  K.  A.  Gschneidner, 
Jr.  ,  D.  Van  Nostrand  Company,  Inc.  ,  1961.) 


Fig.  4  Yttrium-Tantalum  Phase  Diagram. 
(From  "Rare  Earth  Alloys,"  K.  A.  Gschneidner, 
Jr.  ,  D.  Van  Nostrand  Company,  Inc.  ,  1961.) 
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Tungsten  Tube 
Specimen 
Tontoium  Baffles 


Fig.  6 -Tungsten  tube  high  temperature  furnace 


Fig.  7-Pointed  counter  electrode  as  a  mass  spectrograph  micro  probe 
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Fig. 8“  Layout  of  mass  spectrograph  (schematic) 
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Fig.  9 

99.999  %Cr 
Argon  arc  melted 
As  cost 


•  V*’ 

'  200X 


Fig.  10 
75  Cr  25Y 
Argon  arc  melted 
As  cast 


200 X 


Fig.  1 1 

75  Cr  25Y 

Annealed  68  hr.  I200°C 


200X 
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X200 

Fig. 1 2~  Nb  os  cost 
(Nb+  cor  bide  troces) 


Fig.l3-75Nb  25Y  As  cast 
(Nb+  unresolved  eutectic) 


-  "  •  *  "xgjQQ 

—  Fig.15-99.2  Nb  0.8Y  annealed 
233  hr.  1350  °C 
(Nb+Y) 


Fig.l6-99.8Nb  0.2Y  annealed  233 
hr.  1350 °C 
(Nb+Y) 
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(BCC  Nb+  HCP  Y)  (Cr  Ka  rodiotion) 


Lottice  Porometer 
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Fig.  20 

Sparked  areas  near  Mo-Y 
interface 
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Fig.  21 

Mass  spectra  from  regions 
near  Mo-Y  interface 
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Fig.  22 

Y-Ta  Diffusion  couple 
a  To  rod 

b. Y  phase 

c. Ta  container 
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Fig.  23 

Y-W  Diffusion  couple 

\ 

X200 
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Fig.  24 

Sparked  areas  near 
Y-W  interface 


Fig  22 

Y-Ta  Diffusion  couple 

a. Ta  rod 

b. Y  phase 

c. Ta  container 


X200 


Fig.  23 

Y-W  Diffusion  couple 
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Fig.  24 

Sparked  areas  near 
Y-W  interface 


5X 

Fig. 25“  Scandium  crystals  on  tungsten 

support  wire 
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Fig  26 

96.5  Cr  3.5  Sc  As  cost 


Fig  27 

95  Nb  5  Sc  annealed 
113  hrs.  at  1200  °C 
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Fig.28”Mo  cylinders  encop-  Fig.29- Section  through  Sc-Mo 
suloting  Sc-Mo  diffusion  diffusion  couple  and  encapsulating 

couple  cylinder 


50  X 

Fig.30“Sporked  oreos  neor  Mo-Sc 
interfoce 
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200X 

Fig.3l“ Tantalum  globules  in  scandium 
matrix  near  Sc-Ta  diffusion  couple  interface 


Fig  32~Sparked  areas  near  Sc-Ta 

interface 
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200  X 

Fig.  33“  Region  of  tungsten  rod 
ot  W-Sc  interface 
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